Study on Sex Pheromone Receptor in Chinese Black Sleeper (Bostrichthys sinensis Lacépède) by 赖晓健
 
学校编码：10384                                           密级       









博 士 学 位 论 文 
   
 
中华乌塘鳢性信息素受体的研究 
Study on Sex Pheromone Receptor in Chinese Black Sleeper 









专  业 名 称：海 洋 生 物 学  
论文提交日期：2011 年 5 月  























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             

























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             
















目  录 
 
中文摘要 ........................................................................................... 1 


























2.3 PGE2 受体亚型免疫阳性细胞在嗅觉系统中的分布 ............................34 
2.4 孕酮受体和 PGE2 受体亚型 EP1 免疫阳性细胞在嗅上皮的分布 ......36 
3 讨 论.................................................................................................................38 
3.1 孕酮受体和 PGE2 受体的作用机制 ......................................................38 
3.2 孕酮和 PGE2 受体亚型 EP1 免疫阳性细胞在嗅上皮的分布比较 ......40 
第二章 性成熟和性未成熟中华乌塘鳢嗅觉系统孕酮受体（PR）























和 PGE2受体亚型（EPs）蛋白表达量的影响............................. 48 
1 材料与方法.......................................................................................................49 
2 结果...................................................................................................................50 
2.1 中华乌塘鳢 GSI 和生殖状态变化 ........................................................50 
2.2 17α-P 暴露对嗅觉系统 PR 免疫阳性细胞数量的影响 ........................51 
2.3 PGE2 暴露对嗅觉系统 EPs 免疫阳性细胞数量的影响........................52 
2.3.1 EP1 免疫阳性细胞数量的变化 ......................................................52 
2.3.2 EP2 免疫阳性细胞数量的变化 ......................................................52 
2.3.3 EP3 免疫阳性细胞数量的变化 ......................................................52 
2.3.4 EP4 免疫阳性细胞数量的变化 ......................................................54 
3 讨论...................................................................................................................54 





2.1 总 RNA 提取 ..........................................................................................72 
2.2 β-actin 中间片段的克隆 .........................................................................72 
2.3 EP1 中间片段的克隆 ...............................................................................73 
2.4 EP1 3’和 5’ RACE 结果...........................................................................74 
2.5 EP1 全长 cDNA 序列及分析 ..................................................................75 
2.5.1 EP1 cDNA 和氨基酸序列 ..............................................................75 
2.5.2 EP1 蛋白质结构分析 ......................................................................77 
2.5.3 EP1 系统进化分析 .........................................................................79 
3 讨论...................................................................................................................80 




















2.1 Real time-qPCR 反应条件的优化 .........................................................90 
2.2 β-actin 和 EP1 的标准曲线......................................................................92 








2.1 纤毛感受神经元（cORN）的急性分离 ..............................................98 





3.1 cORN 的电生理特点 ............................................................................102 
3.2 应用膜片钳技术研究 cORN 上性信息素受体的作用机制 ..............103 
参考文献 ....................................................................................... 105 
结论与展望 ................................................................................... 127 
特色与创新 ................................................................................... 129 
博士研究生期间发表的论文 ....................................................... 130 



















Abstract in Chinese ........................................................................... 1 
Abstarct in English ............................................................................ 4 
General introduction.......................................................................... 8 
1 Research progress of Bostrichthys sinensis .........................................................8 
1.1 Taxonomy of Bostrichthys sinensis............................................................8 
1.2 Ecological habits of Bostrichthys sinensis ...................................................8 
1.3 Reproductive biology of Bostrichthys sinensis............................................8 
1.4 Structure and electrophysiology of Bostrichthys sinensis olfactory organ
........................................................................................................................10 
2 Research progress of fish olfactory system .......................................................11 
2.1 Research progress of fish olfactory organ ...............................................11 
2.1.1 Morphology of fish organ ...............................................................11 
2.1.2 Electrophysiology of fish olfactory organ ......................................12 
2.2 Research progress of fish olfactory nerve and olfactory bulb .................15 
3 Research progress of fish sex pheromones ........................................................16 
3.1 Definition of sex pheromone ...................................................................16 
3.2 Category of fish sex pheromone ..............................................................17 
3.3 Synthesis and release of fish sex pheromone...........................................18 
3.4 The relationship between function of fish sex pheromone and maturity.20 
3.5 The function and potential applicaiton of fish sex pheromone................20 
4 Research progress of fish sex pheromone receptors ..........................................21 
5 Objectives and scientific significance of the study............................................26 
Chapter 1 Histology and the immunoreactivities of progesterone 
receptor (PR) and PGE2 receptor (EPs) in Bostrichthys sinensis 
olfactory system .............................................................................. 28 
1 Materials and methods .......................................................................................29 
2 Results................................................................................................................30 
2.1 Olfactory system of Bostrichthys sinensis ...............................................30 
2.2 Distribution of PR immunoreactive cells in the olfactory system ...........33 
2.3 Distribution of PGE2 receptor subtypes immunoreactive cells in the 
olfactory system.............................................................................................34 
2.4 Distribution of PR and EP1 immunoreactive cells in the olfactory 
epithelium ......................................................................................................36 















3.1 Mechanisms of PR and PGE2 receptor ....................................................38 
3.2 Comparative of the distribution of PR and EP1 immunoreactive cells in 
the olfactory epithelium .................................................................................40 
Chapter 2 Differential expression of progesterone receptor (PR) and 
PGE2 receptor (EPs) between mature and immature Bostrichthys sinensis 
olfactory system .............................................................................. 41 
1 Materials and methods .......................................................................................41 
2 Results................................................................................................................42 
2.1 Comparison of PR immunoreactive cells in the olfactory system between 
immature and mature Bostrichthys sinensis...................................................42 
2.2 Comparison of PGE2 receptor immunoreactive cells in the olfactory 
system between immature and mature Bostrichthys sinensis ........................43 
3 Discussion ..........................................................................................................45 
Chapter 3 Variation of PR and EPs immunoreactive cells in the 
olfactory system exposed to 17α-P or PGE2.................................... 48 
1 Materials and methods .......................................................................................49 
2 Results................................................................................................................50 
2.1 Changes of GSI and reproductive status in Bostrichthys sinensis ...........50 
2.2 Variation of PR immunoreactive cells in the olfactory system exposed to 
17α-P..............................................................................................................51 
2.3 Variation of EPs immunoreactive cells in the olfactory system exposed to 
PGE2...............................................................................................................52 
2.3.1 Variation of EP1 immunoreactive cells...........................................52 
2.3.2 Variation of EP2 immunoreactive cells...........................................52 
2.3.3 Variation of EP3 immunoreactive cells...........................................52 
2.3.4 Variation of EP4 immunoreactive cells...........................................54 
3 Discussion ..........................................................................................................54 
Chapter 4 Cloning and sequence analysis of EP1 from Bostrichthys 
sinensis............................................................................................... 57 
1 Materials and methods .......................................................................................57 
1.1 Materials ..................................................................................................57 
1.2 Methods....................................................................................................59 
2 Results................................................................................................................72 
2.1 Isolation of total RNA from Bostrichthys sinensis ..................................72 
2.2 Ampifying of partial sequence of β-actin ................................................72 
2.3 Ampifying of partial sequence of EP1......................................................73 















2.5 Analysis EP1 complete cDNA sequence ..................................................75 
2.5.1 EP1 cDNA and amino acid sequence ..............................................75 
2.5.2 Structure of EP1 protein sequence...................................................77 
2.5.3 Phylogenetic tree of EP1 .................................................................79 
3 Discussion ..........................................................................................................80 
Chapter 5 Differential expression of EP1 between mature and 
immature Bostrichthys sinensis olfactory system................................... 85 
1 Materials and Methods.......................................................................................85 
1.1 Materials ..................................................................................................85 
1.2 Methods....................................................................................................87 
2 Results................................................................................................................90 
2.1 Optimizing of real time-qPCR.................................................................90 
2.2 Standard curve of β-actin and EP1 ...........................................................92 
2.3 Seasonal and sexual expression of EP1....................................................93 
3 Discussion ..........................................................................................................94 
Chapter 6 Electrophysiological characteristics of Bostrychus sinensis 
ciliated olfactory receptor neuron.................................................... 95 
1 Materials and methods .......................................................................................95 
1.1 Materials ..................................................................................................95 
1.2 Methods....................................................................................................96 
2 Results.........................................................................................................98 
2.1 Separation of cORNs ...............................................................................98 
2.2 Osmolarity and pH of Bostrychus sinensis plasm....................................99 
2.3 Comparision of three cORNs isolation methods .....................................99 
2.4 Resting potenial and acting potenial of cORNs.......................................99 
2.5 Voltage-gated currents of cORNs..........................................................100 
3 Discussion ........................................................................................................102 
3.1 Electrophysiological characteristics of Bostrychus sinensis cORNs .....102 
3.2 Study on the mechanism of sex pheromone receptors in cORNs using 
patch clamp ..................................................................................................103 
References ..................................................................................... 105 
Conclusions and prospects ............................................................ 127 
Characteristics and innovation ...................................................... 129 
Publications during doctoral study ................................................ 130 





















































2、以免疫细胞化学 SABC 法进行中华乌塘鳢嗅觉系统孕酮受体和 PGE2 受
体亚型（EP1-EP4）的免疫定位。结果显示，孕酮受体和 EP1-EP4 免疫阳性细胞在
性成熟中华乌塘鳢的嗅上皮、嗅神经和嗅球上均有分布，免疫阳性细胞数量大小
















胞核和细胞质。中华乌塘鳢嗅觉系统 EP1 免疫阳性比 EP2、EP3 和 EP4 免疫阳性
高。在嗅上皮，EP1、EP2 和 EP3 免疫阳性定位于神经元的细胞膜和细胞质；EP2
和 EP3 免疫阳性细胞少；未见到 EP4 免疫阳性。在嗅神经，EP1 免疫阳性高于 EP2，
EP1 免疫阳性定位于神经纤维，免疫阳性较强；EP2 免疫阳性定位于神经纤维上；
在嗅神经上未发现 EP3 和 EP4 免疫阳性。在嗅球，EP1、EP2、EP3 和 EP4免疫阳
性主要定位于嗅球的腹部和侧部，EP1 免疫阳性定位于神经纤维和僧帽细胞；EP2











性成熟雌鱼嗅球的EP1-4免疫阳性细胞显著或极显著高于性未成熟雌鱼（P < 0.05 
或 0.01）。 
4、将生殖季节中华乌塘鳢分别暴露于性信息素 17α-P 和 PGE2 24 h 和 48 h，
应用免疫细胞化学 SABC 法检测嗅觉器官上 17α-P 受体 PR 和 PGE2 受体 EP1-EP4
免疫阳性细胞数量的变化。实验发现 17α-P 和 PGE2 暴露后雄鱼和雌鱼 GSI 均没
有显著变化，雌鱼排/产卵率升高，且暴露 48 h 后雌鱼排/产卵率比暴露 24 h 后
更高。17α-P 和 PGE2 暴露后，中华乌塘鳢嗅觉系统 PR 和 EPs 免疫阳性细胞数量
也随之增加。暴露实验中雌鱼排/产卵率的升高与 PR 和 EPs 免疫阳性细胞数量
的增加具有一致性。 
5、应用分子生物学方法克隆出中华乌塘鳢内参照基因 β-actin 的 cDNA 片段
序列（710 bp）和 EP1 的 cDNA 全序列（1502 bp）。根据 EP1 的 cDNA 全序列推
导出氨基酸序列，发现 EP1 蛋白质含 378 个氨基酸残基。通过软件预测得出 EP1















氨基酸、82-104 氨基酸、124-146 氨基酸、175-197 氨基酸、217-239 氨基酸、270-292
氨基酸和 312-334 氨基酸。EP1 N 端含有 2 个 α-螺旋结构域。利用邻接法构建 EP1
系统进化树。在已知 EP1 氨基酸序列的物种中，鱼类和哺乳类是两个大的分支。 
6、性成熟中华乌塘鳢雄鱼和雌鱼嗅囊 EP1 mRNA 表达量均显著高于于性未
成熟鱼（P < 0.05）。性成熟雄鱼和雌鱼性腺 EP1 mRNA 表达量均极显著高于性未
成熟鱼（P < 0.01）。雄鱼和雌鱼胃的 EP1 mRNA 表达量在性成熟鱼和性未成熟鱼
间无显著差异。性未成熟雌鱼嗅囊 EP1 mRNA 表达量极显著低于性未成熟雄鱼




神经元静息电位为-57 ± 6.37 mV，动作电位峰值为 38.297 ± 0.95 mV。在-60～+80 
mV 的阶梯去极化脉冲刺激中，内流电流在-60 mV～-40 mV 激活，-20～0 mV 达
到 大值，内流电流峰值为-69.08 ± 44.15 pA。外向电流在+40 mV 时达 大值，




























The Chinese Black Sleeper (Bostrichthys sinensis Lacépède) is one of the major 
aquaculture species in the southeast coast of China. Previous research showed that 
17α-P、17α,20β-P、PGE2 and PGF2α, act as sex pheromones and induce the 
reproductive bahaviour of B. sinensis. The EOG experiments showed that B. sinensis 
olfactory can detect 17α-P、17α,20β-P、PGE2 and PGF2α, and the EOG values in 
response to those sex pheromones are higher in mature fish than in immature ones. 
The results mentioned above suggested that sex pheromones should be detected 
through the olfactory system and cause changes in reproductive status of B. sinensis. 
Study on the pathway of sex pheromones in the olfactory system and the seasonal 
expression of its receptor can understand mechanisms of sex pheromones and provide 
a scientific basis for the application of sex pheromones to the induction of spawning 
in marine fish. Using histology, immunohistochemistry, molecular biology and  
patch clamp methods, the morphological and histological structures of olfactory 
system were observed, distribution and seasonal variation of progesterone receptor 
(PR) and PGE2 receptor subtypes (EP1-EP4) immunoreactive cells with reproductive 
status were examined, variation of 17α-P and PGE2 receptor PR and EPs 
immunoreactive cells exposed to 17α-P or PGE2 were studied, complete EP1 cDNA 
sequence and seasonal differential expression were detected, and electrophysiology of 
ciliated olfactory receptor neurons was investigated in the B. sinensis in the study. The 
results were as follows: 
1. Histology was used to study the morphology and structure of the olfactory 
system in B. sinensis. The results showed that the olfactory system was composed of 
the olfactory sac, olfactory nerve and olfactory bulb from the anterior to the posterior. 
The olfactory sac (the rosette) was fusiform in shape, present inside the olfactory 
chamber. The axons of the primary olfactory receptor neurons in each rosette 
converged to form a pair of olfactory nerves. The pair olfactory nerves extended from 
the posterior ventral base of each rosette to the ipsilateral olfactory bulb. Each 
olfactory bulb comprised three layers, which were roughly distinguishable, from the 
surface to the bottom: (1) the olfactory nerve layer, (2) the glomerular and mitral cell 















anterior bulb, spread along the periphery of the bulb and terminated on the dendrites 
of mitral cells in the glomerular and mitral cell layer.  
2. The distribution of PR and PGE2 receptor subtypes (EP1-EP4) immunoreactive 
cells in the B. sinensis olfactory system was determined using immunocytochemistry 
SABC method. The results showed that progesterone receptors and EP1-EP4 were all 
present in the olfactory system of the fish, with the largest number of PR and EP1-EP4 
immunoreactive cells in the olfactory epithelium, followed by those in the olfactory 
bulb and then in the olfactory nerve. PR immunoreactivities were only found in the 
cell nucleus in the olfactory epithelium. A few neurons immunostained with 
antibodies against PR were observed in the olfactory nerve and cells on the vascular 
wall. PR immunoreactive mitral cells were distinctly in the olfactory bulb. The 
number of EP1 immunoreactive cells was higher than those of EP2, EP3 and EP4 
immunoreactive cells. Immunoreactivities of EP1, EP2 and EP3 were only observed in 
the cell membrane and cytoplasm; while EP4 immunoreactive cells were not detected 
in the olfactory epithelium. Intense EP1-immunoreactive olfactory axon bundles were 
observed at the bottom of olfactory epithelium and on the lamina propria. A few 
receptor neurons immunostained with antibodies against EP1, EP2 were observed in 
the olfactory nerve. EP3 and EP4 immunoreactive cells were not observed in the 
olfactory nerve. In the olfactory bulb, the EP1 immunoreactivity was observed in the 
fiber of the olfactory receptor neurons and mitral cells. EP2 immunoreactivity was 
only observed in the fiber of the olfactory receptor neurons, but not in immature male. 
EP3 immunoreactivity was detected in the granule cells. Mitral cells exhibited intense 
cytoplasm EP4 immunoreactivity.  
3. The numbers of PR and EP1-EP4 immunoreactive cells in mature B. sinensis 
were higher than in immature B. sinensis. This was positively related to the 
differences of GSI values between mature and immature B. sinensis. In the olfactory 
epithelium, the numbers of PR immunoreactive cells in mature males and females 
were significantly or greatly significantly (P < 0.05 or 0.01) higher than those in 
immature males and females; in the olfactory nerve, PR immunoreactive cells were 
detected in mature fish, but not in immature fish; in the olfactory bulb, the numbers of 
PR immunoreactive cells in mature females were significantly (P < 0.05) higher than 
those in immature females. The number of EP1 immunoreactive cells in the olfactory 
epithelium of mature fish were greatly significantly (P < 0.01) higher than those in 















the olfactory epithelium of mature fish were higher than those in immature fish of 
both sexes. In the olfactory nerve, EP1 immunoreactive cells were not observed in 
immature male, but were observed in immture female, mature male and female; the 
number of EP2 immunoreactive cells in mature fish was higher than that in immature 
fish in both sexes. In the olfactory bulb, the number of EP1-4 immunoreactive cells in 
mature females were significantly or greatly significantly (P < 0.05 or 0.01) higher 
than those in immature females, and the number of EP4 immunoreactive cells in 
mature males was greatly significantly (P < 0.01) higher than that in immature males.  
4. B. sinensis were exposed to 17α-P or PGE2 for 24h or 48h in the spawning 
season and the numbers of 17α-P and PGE2 receptor PR and EP1-EP4 immunoreactive 
cells in the olfactory system were determined using immunocytochemistry SABC 
method. The results showed that GSI of male or female did not significantly changed, 
but the rates of ovulating or spawning were significantly higher after exposure to 
17α-P or PGE2, and the rate after exposure for 48h was higher than that for 24h. The 
numbers of PR and EP1-4 immunoreactive cells in B. sinensis olfactory system 
increased higher after exposure to 17α-P or PGE2. During the exposure experiment, 
the increase of the PR and EP1-4 immunoreactive cells number is consistent with the 
rises of ovulatory or spawning rates. 
5、Partial β-actin cDNA sequence (710bp) and complete EP1 cDNA (1502bp) 
sequence were cloned from B. sinensis. EP1 amino acid (378) sequence was deduced.  
Prediction of EP1 protein structure showed that EP1 was a G protein coupled receptor, 
has a seven transmembrane domains (TMD1-7) with the N-terminus on the outside of 
the cell and the C-terminus on the inside of the cell. The transmembrane amino acids 
were: TMD1, 48-70aa; TMD2, 82-104aa; TMD3, 124-146aa; TMD4, 175-197aa; 
TMD5, 217-239aa; TMD6, 270-292aa and TMD7, 312-334aa。N-terminus of EP1 had 
two α-helix configurations. EP1 phylogenetic tree constructed from the aligned EP1 
amino acid sequences using the neighbor-joining method revealed that fish and 
mammalian were divided into two major clades.  
6. The quantity of EP1 mRNA in mature B. sinensis olfactory sac was 
significantly (P < 0.05) higher in immature B. sinensis in both sexs. The quantity of 
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